A lthough the response of macrophages to polyethylene debris has been widely studied, it has never been compared with the cellular response to ceramic debris. Our aim was to investigate the cytotoxicity of ceramic particles (Al 2 O 3 and ZrO 2 ) and to analyse their ability to stimulate the release of inflammatory mediators compared with that of high-density polyethylene particles (HDP). We analysed the effects of particle size, concentration and composition using an in vitro model. The J774 mouse macrophage cell line was exposed to commercial particles in the phagocytosable range (up to 4.5 µm). We saw no evidence of release of interleukin-1␣ or interleukin-1ß after exposure to ceramic or HDP particles.
Aseptic loosening is the most common cause of failure of total hip arthroplasty (THA). 1, 2 Wear debris has an important role in initiating this phenomenon and polyethylene has been recognised to be the main culprit. [3] [4] [5] [6] Indeed, many in vivo studies have shown an inflammatory response to polyethylene particles, 7, 8 characterised by phagocytosis of the particles by macrophages leading to the release of mediators which induce bone resorption. In 1969, Boutin 9 introduced the use of ceramic-bearing THAs as an alternative to the classic metal-polyethylene articulating interface. The wear rate of the ceramic-ceramic (CC) joint couple is 4000 times less than that of the metal-polyethylene couple. 10 Although ceramics are considered to be more bioinert than high-density polyethylene (HDP), very little is known about their effect on the response of macrophages. Previous studies performed in our laboratory evaluating pseudomembranes harvested at revision of CC THAs showed that, when present in large concentrations, ceramic particles generated in vivo can initiate an inflammatory response in periprosthetic tissue. 11 In order to eliminate confounding factors inherent in in vivo studies, we designed an in vitro model to study prospectively the response of macrophages to ceramic particles (Al 2 O 3 and ZrO 2 ) and to compare it with that of HDP particles. Many of the problems encountered in in vivo studies are due to the differences in the size, number and mixture of material composition of the particles found in the tissues. We analysed the effects of these particles on macrophages since they play a central role in the response to wear particles. They represent 60% to 80% of the cell population of pseudomembranes harvested at revision surgery and are known to release inflammatory mediators which stimulate bone resorption. 12 Tumour necrosis factor alpha (TNF-␣), interleukin-1␣ (IL-1␣) and interleukin-1ß (IL-1ß) have been widely found in pseudomembranes from failed THAs. [13] [14] [15] [16] Horowitz and Purdon 14 have shown,
however, that exposure of J774 macrophages to polymethylmethacrylate (PMMA) particles leads to the release of TNF-␣ but not that of IL-1␣ or IL-1ß. Our aim was to investigate the cytotoxicity of ceramic particles in terms of cell mortality and to analyse their ability to stimulate the release of TNF-␣, IL-1␣ and IL-1ß in comparison with HDP particles. The effects of particle size, concentration and composition were studied.
Materials and Methods
Particles. Al 2 O 3 (Alcan, Jonquières, Canada; Alcoa, Bauxite, Arkansas; Durmax, Chatellerault, France), ZrO 2 partially stabilised with yttrium (Unitec Ceramics, Stafford, UK) and HDP particles (Shamrock Technologies, Newark, New Jersey) were obtained commercially in the phagocytosable range: 0.6 (Alcan), 1.3 (Alcoa), 2.4 (Alcan) and 4.5 µm (Durmax) for Al 2 O 3 , 0.6 µm for ZrO 2 (Unitec Ceramics) and 4.5 µm for HDP (Shamrock Technologies). Although ultra-high-molecular-weight polyethylene (UHMWPE) is used for orthopaedic applications, we chose to analyse the cellular response to HDP because UHMWPE particles are not commercially available in the phagocytosable range of less than 5 µm. All particles were endotoxin-free as demonstrated by the E-toxate assay for the detection and semiquantification of endotoxins (Sigma Chemical Co, St Louis, Missouri). The particles were sterilised by ethylene oxide. Cell culture. We used the J774 cell line (ATCC, Rockville, Maryland) because it has been shown to be morphologically similar to macrophages at the cement-bone interface and to respond to cement in a similar way. 17, 18 This cell line is also known to produce IL-1 and TNF-␣ (ATCC specifications).
Macrophages were cultured and maintained in RPMI 1640 tissue-culture medium (Gibco BRL, Burlington, Canada) supplemented with 10% fetal bovine serum, 100 U/ml of penicillin, 100 µg/ml of streptomycin and 100 µg/ml of gentamicin. Cells in suspension were exposed to particles in tubes containing 4ϫ10 5 cells in 1 ml of culture medium with particles at concentrations varying from 5 to 2500 particles per macrophage. The number of particles used per test was based on our flow cytometric work which has shown that particle phagocytosis is dependent on size and concentration, 19 and thereby exerts a 'volume' effect. This implies that we need more particles of small size to attain the effect of larger particles. Image analysis showed that all three types of particle were spherical in shape and their number was therefore calculated from their density and the volume of a sphere. Culture tubes without particles served as a negative control. HDP particles had a propensity to float in culture medium and adhere to the walls of culture tubes. To resolve this problem, culture tubes of HDP and Al 2 O 3 at 4.5 µm were placed in a rotator during incubation, which facilitated constant contact between the cells and HDP particles. Incubation was conducted for 24 hours at 37°C in a 5% CO 2 environment. The resulting conditioned supernatants were collected for ELISA tests and frozen at -70°C. Cells were then washed with phosphate-buffered saline (pH 7.2) and stained with 50 µg/ml of propidium iodide for four minutes at room temperature. The cells were again washed and information for cytotoxicity tests was collected by flow cytometry. tages were calculated by the computer in analysis mode. Inflammatory mediator tests. Concentrations of TNF-␣, IL-1␣ and IL-1ß in the supernatants of cell cultures were measured using ELISA kits (Genzyme, Cambridge, Massachusetts). These are enzyme-linked immunosorbent assay kits that are murine-specific. The technique is a solid-phase enzyme immunoassay which uses the principle of multiple antibody sandwich. The detection limits of the assays are 15 to 405 pg/ml for IL-1␣, 15 to 960 pg/ml for IL-1ß and 35 to 2240 pg/ml for TNF-␣. Kits are specific enough to avoid cross-reactivity of other recombinant cytokines. Statistical analysis. We analysed the effect of particle size at two different sizes for cytotoxicity and four for mediator release. The influence of particle concentration was evaluated for a wide range of concentrations, up to 2500 particles per cell. Statistical significance was calculated using ANOVA followed by Fisher's protected least-significant-difference (PLSD) comparison test. A p value of <0.05 was considered significant. Each test is the mean of three experiments performed in duplicate.
Results
Cytotoxicity. Figure 2 shows the effects of the size and concentration of Al 2 O 3 particles on the mortality of macrophages. Mortality in control cells (4%) was subtracted from each experimental condition. The results show that mortality increases with particle concentration and is higher for larger particles. To obtain any given percentage of cell death, we needed a much higher concentration of particles at 1.3 µm compared with those at 2.4 µm. We obtained an almost equivalent percentage of mortality (approximately 30%) with particles at 1.3 µm and 1500 particles per cell as with particles at 2.4 µm and 500 particles per cell. Inflammatory mediators. The effects of the size and concentration of Al 2 O 3 particles on TNF-␣ release are shown in Figures 3 and 4 , respectively. The results for the release parallel those for cytotoxicity. The amount of TNF-␣ increased with the size of the particles (Fig. 3) . Exposure of macrophages to Al 2 O 3 particles at 1.3 µm led to release of TNF-␣ of 154% (130 pg/ml) and 158% (133 pg/ml) of the control (84 pg/ml) at 150 and 350 particles per cell, respectively (p < 0.05 v control). Exposure to Al 2 O 3 particles at 2.4 µm led to a release of TNF-␣ of 189% (158 pg/ml) and 195% (165 pg/ml) of the control at 150 and 350 particles per cell, respectively (p < 0.05 v control). When controlling for size at 1.3 µm, there is a direct relation between the release of TNF-␣ and the concentration of particles (Fig. 4) . At five particles per cell, no stimulation was observed (105% of control; p > 0.05) whereas at 500 particles per cell, exposure to Al 2 O 3 particles stimulated TNF-␣ release at 156% of control (131 pg/ ml; p < 0.05). As the concentration of particles rose, release of TNF-␣ also increased to attain a plateau of 150 to 500 particles per macrophage. Figure 5 shows the effect of particle composition on the release of TNF-␣. We did not detect any difference in the release of TNF-␣ between Al 2 O 3 and ZrO 2 particles at 0.6 µm (p > 0.05) (Fig. 5a ) and there was a plateau in the rate of stimulation at approximately 165% of the control at a concentration of 2000 particles per macrophage. There was, however, a significant difference in the release of TNF-␣ between Al 2 O 3 and HDP at 4.5 µm (p < 0.05) (Fig.  5b) . At 30 particles per cell, release of TNF-␣ after incubation with Al 2 O 3 and HDP particles was approximately 130% (237 pg/ml) and 260% (467 pg/ml) of the control (179 pg/ml), respectively. For HDP concentrations higher than 30 particles per macrophage, the release of TNF-␣ reached a plateau.
We did not measure any detectable IL-1␣ and IL-1ß after exposure of macrophages to ceramic as well as HDP particles in all experimental conditions.
Discussion
We have analysed the effect of particle size, concentration and composition on the mortality of macrophages and the release of cytokines (TNF-␣, IL-1␣ and IL-1ß). We found phagocytosable particles to have size-and concentrationdependent stimulatory effects on macrophages. These findings are consistent with the results of others 20, 21 and with the phagocytosis analysis which we performed in vitro using flow cytometry. 19 While our experiments did not indicate a significant difference between Al 2 O 3 and ZrO 2 ceramic particles on the release of cytokines (Fig. 5a ), TNF-␣ release was significantly higher with HDP than with Al 2 O 3 particles of the same size and concentration (Fig.  5b) . We did not detect any effect of the particles on the release of IL-1␣ and IL-ß from macrophages. Effect of Al 2 O 3 particle concentration on TNF-␣ release. J774 macrophages were incubated with Al 2 O 3 particles at 1.3 µm and at concentrations varying from 5 to 500 particles per macrophage. The results are the mean ± SEM of three experiments performed in duplicate (Control = 84 ± 7 pg/ml of TNF-␣; * p < 0.05 v control). has major advantages for testing biocompatibility in vitro in that the analysis is performed at the single-cell level, large numbers of cells are analysed at an extremely rapid rate, all measurements are quantitative and objective and many cell parameters can be evaluated simultaneously. The major technical limitation is for the large particle sizes (greater than 2.5 µm) and in the high range of concentrations (over 500 particles/macrophage) since agglomerated particles approaching cellular sizes can be mistaken as a cell by the flow cytometer. This is why we did not analyse cell mortality at 2.4 µm for concentrations higher than 500 particles per cell and why we did not compare cytotoxicity after incubation with Al 2 O 3 and HDP particles (4.5 µm). Over 90% of wear debris generated in vivo, however, is submicron in size 3, 22, 23 and it is this range that is ideal for evaluation of cellular response by flow cytometry. The demonstration of a direct relationship between cytotoxicity and both particle size and concentration can be translated to a volume effect. Indeed, to obtain any given percentage of cell mortality, 1 we needed a much higher concentration of 1.3 µm particles compared with 2.4 µm particles (Fig. 2) . We obtained almost the same percentage of mortality at 1.3 µm and 1500 particles per cell as with 2.4 µm and 500 particles per cell. At 0.6 µm, cell mortality was still negligible for concentrations up to 2500 particles per cell. Moreover, the fact that macrophage mortality increased with particle size suggests that for equal concentrations, large particles are more damaging for the cell than are small. We only analysed the effect of particle size on Al 2 O 3 since it is very difficult to obtain a homogeneous sample of HDP particles smaller than 4.5 µm.
The results of TNF-␣ release paralleled those of cytotoxicity, showing a direct relationship between particle size and concentration and TNF-␣ release. The response was maximal at lower particle concentrations than for cell mortality, suggesting that TNF-␣ release is not directly related to cell mortality but is secreted by stimulated viable cells rather than released by dead cells. Moreover, it is known that TNF-␣ is synthesised de novo in stimulated macrophages and not stored intracellularly, 24 strongly supporting its secretion by particle stimulation rather than liberation of intracellular stores after cell death. The results also suggest that while the cell's threshold for a lethal particle load is relatively high, that for producing TNF-␣ in response to a constant stimulus is much lower. Our results and those of other in vitro 14, 18, 25 and in vivo 13, 16, 25 studies suggest an important role for TNF-␣ in osteolysis.
With regard to composition, we did not detect any significant difference in mortality or TNF-␣ release between Al 2 O 3 and ZrO 2 at the size and concentration which we analysed. This suggests that, in terms of inflammatory reaction, there is no biological advantage of using one material over the other. HDP particles, however, induced a higher TNF-␣ release than Al 2 O 3 particles at the same size and concentration (250% of control v 150% of control at 150 particles per macrophage, respectively). The difference in cellular response which we observed with two particles of similar size, but of different composition, implies that in addition to its capacity to perceive and respond to size and concentration, the cell must have a detection mechanism that is sensitive to composition. This is in agreement with the findings of Haynes et al 26 who
showed that wear particles of titanium and cobalt-chromealloy of similar size had different effects on the release of bone-resorbing mediators such as TNF-␣. The HDP particles used in our study are different from the UHMWPE particles found in vivo and macrophages may respond to their presence differently. Nevertheless, since Al 2 O 3 and HDP were compared at the same size and concentrations, we can conclude that the particle effect on TNF-␣ release was composition-dependent.
In an attempt to increase the exposure of HDP to the macrophages, we subjected our culture tubes to gentle rotation. This imparted an actual physical stimulus on the cell which increased TNF-␣ secretion as seen by an increase in our control values. Shanbhag 18 were also unable to detect any stimulation of IL-1 after incubation with cement particles. By contrast, in their recent study, Shanbhag et al 15 exposed human monocytes to retrieved and fabricated UHMWPE particles in vitro, which led to the release of IL-1␣, IL-1ß, IL-6 and PGE 2 . The difference between our results and those of Shanbhag et al most likely reflect the different cells used. The response of J774 macrophages to ceramic and HDP particles may involve specific mediators which, while not including IL-1, do include TNF-␣, which appears to be a specific marker for characterisation of the J774 macrophage response to HDP and ceramic particles in vitro.
We conclude that particle-stimulated macrophages appear to be sensitive to particle size and concentration, suggesting a volume effect. With regard to composition, we did not show any significant difference between Al 2 O 3 and ZrO 2 ceramics at the size and concentrations which we analysed, suggesting that there is no biological advantage in using one material over the other. HDP particles induced a significantly greater release of TNF-␣ compared with Al 2 O 3 , implying not only a tribological advantage in the use of ceramics for THA but a biological advantage as well. While the tribological advantage of the ceramicceramic versus metal-polyethylene articulating interface cannot be argued, the extremely high modulus of elasticity of ceramics compared with bone and its brittle material properties leading to occasional component breakage are still disadvantages for many surgeons. The encouraging results with regard to the reaction of macrophages to ceramic particles indicate that future research on the mechanical interaction of the bone-ceramic interface is now justified in order to improve current ceramic prosthetic design.
